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The stochastic evolution of quantum systems during measurement is arguably the most enigmatic
feature of quantum mechanics. Measuring a quantum system typically steers it towards a classical
state, destroying any initial quantum superposition and any entanglement with other quantum sys-
tems. Remarkably, the measurement of a shared property between non-interacting quantum systems
can generate entanglement starting from an uncorrelated state. Of special interest in quantum com-
puting is the parity measurement1, which projects a register of quantum bits (qubits) to a state with
an even or odd total number of excitations. Crucially, a parity meter must discern the two parities
with high fidelity while preserving coherence between same-parity states. Despite numerous propos-
als for atomic2, semiconducting1,3–7, and superconducting qubits8,9, realizing a parity meter creating
entanglement for both even and odd measurement results has remained an outstanding challenge.
We realize a time-resolved, continuous parity measurement of two superconducting qubits using
the cavity in a 3D circuit quantum electrodynamics (cQED)10,11 architecture and phase-sensitive
parametric amplification12. Using postselection, we produce entanglement by parity measurement
reaching 77% concurrence. Incorporating the parity meter in a feedback-control loop, we transform
the entanglement generation from probabilistic to fully deterministic, achieving 66% fidelity to a
target Bell state on demand. These realizations of a parity meter and a feedback-enabled determin-
istic measurement protocol provide key ingredients for active quantum error correction in the solid
state13–15.
Recent advances in nearly quantum-limited amplifica-
tion12 and improved qubit coherence times in 3D cQED11
have allowed the first investigations of the gradual col-
lapse of single-qubit wavefunctions in the solid state16,17,
on par with previous fundamental studies in atomic sys-
tems18. The continuous measurement of a joint property
extends this study to the multipartite setting, resolving
the projection to states which are inaccessible via indi-
vidual qubit measurements. In a two-qubit system, the
ideal parity measurement transforms an unentangled su-
perposition state
∣∣ψ0〉 = (|00〉+ |01〉+ |10〉+ |11〉)/2 into
Bell states∣∣Φ+〉 = 1√
2
(|01〉+ |10〉) and ∣∣Ψ+〉 = 1√
2
(|00〉+ |11〉)
for odd and even outcome, respectively. Beyond gener-
ating entanglement between non-interacting qubits1,4–7,
parity measurements allow deterministic two-qubit
gates3,19 and play a key role as syndrome detectors in
quantum error correction13,14. A heralded parity mea-
surement has been recently realized for nuclear spins in
diamond20. By minimizing measurement-induced deco-
herence at the expense of single-shot fidelity, highly en-
tangled states were generated with 3% success probabil-
ity. Here, we realize the first solid-state parity meter that
produces entanglement with unity probability.
Our parity meter realization exploits the dispersive
regime10 in two-qubit cQED. Qubit-state dependent
shifts of a cavity resonance (here, the fundamental of a
3D copper cavity enclosing transmon qubits QA and QB)
allow joint qubit readout by homodyne detection of an
applied microwave pulse transmitted through the cavity
(Fig. 1a). The temporal average Vint of the homodyne
response VP(t) over the time interval [ti, tf ] constitutes
the measurement needle, with expectation value
〈Vint〉 = Tr(Oρ),
where ρ is the two-qubit density matrix and the observ-
able O has the general form
O = β0 + βAσAz + βBσBz + βBAσBz σAz .
The coefficients β0, βA, βB, and βBA depend on the
strength p, frequency fp and duration τP of the mea-
surement pulse, the cavity linewidth κ, and the fre-
quency shifts 2χA and 2χB of the fundamental mode
when QA and QB are individually excited from |0〉 to
|1〉. The necessary condition for realizing a parity meter
is βA = βB = 0 (β0 constitutes a trivial offset). A simple
approach8,21, pursued here, is to set fp to the average of
the resonance frequencies for the four computational ba-
sis states |ij〉 (i, j ∈ {0, 1}) and to match χA = χB. We
engineer this matching by targeting specific qubit tran-
sition frequencies fA and fB below and above the fun-
damental mode during fabrication and using an external
magnetic field to fine-tune fB in situ (Fig. S1). We align
χA to χB to within ∼ 0.06κ = 2pi×90 kHz (Fig. 1b). The
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FIG. 1. Realization of cavity-based two-qubit parity
readout in circuit QED. a, Simplified diagram of the
experimental setup. Single- and double-junction transmon
qubits (QA and QB, respectively) dispersively couple to the
fundamental mode of a 3D copper cavity enclosing them. Par-
ity measurement is performed by homodyne detection of the
qubit state-dependent cavity response10 using phase-sensitive
Josephson parametric amplification (JPA)12. Following fur-
ther amplification at 4 K (HEMT) and room temperature, the
signal is demodulated and integrated. A field-programmable-
gate-array (FPGA) controller closes the feedback loop that
achieves deterministic entanglement by parity measurement
(Fig. 4). See Fig. S2 for a detailed schematic of the setup. b,
Matching of the dispersive cavity shifts realizing a parity mea-
surement. c, Ensemble-averaged homodyne response 〈VP〉 for
qubits prepared in the four computational basis states. d,
Curves: corresponding ensemble averages of the running in-
tegral 〈Vint〉 of 〈VP〉 between ti = 0 and tf = t. Single-shot
histograms (5, 000 counts each) of Vint are shown in 200 ns
increments.
ensemble-average 〈VP〉 confirms nearly identical high re-
sponse for odd-parity computational states |01〉 and |10〉,
and nearly identical low response for the even-parity |00〉
and |11〉 (Fig. 1c). The transients observed are consistent
with the independently measured κ, χA and χB values,
and the 4 MHz bandwidth of the Josephson parametric
amplifier (JPA) at the front end of the output amplifi-
cation chain. Single-shot histograms (Fig. 1d) demon-
strate the increasing ability of Vint to discern states of
different parity as tf grows (keeping ti = 0), and its in-
ability to discriminate between states of the same par-
ity. The histogram separations at tf = 400 ns give
|βA|, |βB| < 0.02 |βBA| (Fig. S3).
Moving beyond the description of the measurement
needle, we now investigate the collapse of the two-
qubit state during parity measurement. We prepare
the qubits in the maximal superposition state
∣∣ψ0〉 =
1
2 (|00〉+ |01〉+ |10〉+ |11〉), apply a parity measurement
pulse for τP, and perform tomography of the final two-
qubit density matrix ρ with and without conditioning
on Vint (Fig. 2a). We choose a weak parity measure-
ment pulse exciting n¯ss = 2.5 intra-cavity photons on
average in the steady-state, at resonance. A delay of
3.5/κ = 350 ns is inserted to deplete the cavity of photons
before performing tomography. The tomographic joint
readout is also carried out at fp, but with 14 dB higher
power, at which the cavity response is weakly nonlinear
and sensitive to both single-qubit terms and two-qubit
correlations (βA ∼ βB ∼ βBA, see Fig. S3), as required
for tomographic reconstruction22.
The ideal continuous parity measurement gradually
suppresses the unconditioned density matrix elements
ρij,kl = 〈ij| ρ |kl〉 connecting states with different par-
ity (either i 6= k or j 6= l), and leaves all other coher-
ences (off-diagonal terms) and all populations (diagonal
terms) unchanged. The experimental tomography reveals
the expected suppression of coherence between states of
different parity (Fig. 2b-c). The temporal evolution of
|ρ11,10|, with near full suppression by τP = 400 ns, is
quantitatively matched by a master-equation simulation
of the two-qubit system (see Methods Summary). To-
mography also unveils a non-ideality: albeit more grad-
ually, our parity measurement partially suppresses the
absolute coherence between equal-parity states, |ρ01,10|
and |ρ00,11|. The effect is also quantitatively captured
by the model. Although intrinsic qubit decoherence con-
tributes (see Fig. S4 for quantitative details), the domi-
nant mechanism is the different AC-Stark phase shift in-
duced by intra-cavity photons on basis states of the same
parity8,9,17. This form of measurement back-action has
both deterministic and stochastic components, and the
latter suppresses absolute coherence under ensemble av-
eraging. We emphasize that this imperfection is technical
rather than fundamental. It can be mitigated in the odd
subspace by perfecting the matching of χB to χA, and
in the even subspace by increasing χA,B/κ (∼ 1.3 in this
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FIG. 2. Unconditioned two-qubit evolution under con-
tinuous parity measurement. a, Pulse sequence including
preparation of the qubits in the maximal superposition state
ρ(0) =
∣∣ψ0〉 〈ψ0∣∣, parity measurement and tomography of the
final two-qubit state ρ using joint readout. b, Absolute coher-
ences |ρ11,10|, |ρ01,10|, |ρ00,11| following a parity measurement
with variable duration τP. Free parameters of the model are
the steady-state photon number on resonance n¯ss = 2.5±0.1,
the difference (χA − χB)/pi = 235 ± 4 kHz, and the absolute
coherence values at τP = 0 to account for few-percent pulse er-
rors in state preparation and tomography pre-rotations. Note
that the frequency mismatch differs from that in Fig. 1b due
to its sensitivity to measurement power (see also Fig. S6).
c,d, Manhattan-style plots of extracted density matrices for
τP = 0 (c) and τP = 400 ns (d), by which time coherence
across the parity subspaces (grey) is almost fully suppressed,
while coherence persists within the odd-parity (orange) and
even-parity (green) subspaces. Error bars correspond to the
standard deviation of 15 repetitions. See Fig. S4 for the tem-
poral evolution with parity measurement off and Figs. S5, S6
for two-qubit tomography at other values of τP and n¯ss, re-
spectively.
experiment).
The ability to discern parity subspaces while preserv-
ing coherence within each opens the door to generating
entanglement by parity measurement on
∣∣ψ0〉. For every
run of the sequence in Fig. 2, we discriminate Vint using
the threshold Vth that maximizes the parity measure-
ment fidelity Fp (Fig. 3a). Assigning MP = +1 (−1) to
Vint below (above) Vth, we bisect the tomographic mea-
surements into two groups, and obtain the density ma-
trix for each. We quantify the entanglement achieved
in each case using concurrence C as the metric23, which
ranges from 0% for an unentangled state to 100% for
a Bell state. As τP grows (Fig. 3b), the optimal bal-
ance between increasing Fp at the cost of measurement-
induced dephasing and intrinsic decoherence is reached at
∼ 300 ns (Fig. 3c). Postselection on MP = ±1 achieves
C|MP=−1 = 45 ± 3% and C|MP=+1 = 17 ± 3%, with each
case occurring with probability psuccess ∼ 50%. The
higher performance for MP = −1 results from lower
measurement-induced dephasing in the odd subspace,
consistent with Fig. 2.
The entanglement achieved by this probabilistic pro-
tocol can be increased with more stringent postselec-
tion. Setting a higher threshold Vth− achieves C|MP=−1 =
77 ± 2% but keeps psuccess ∼ 20% of runs. Analogously,
using Vth+ achieves C|MP=+1 = 29 ± 4% with similar
psuccess (Figs. 3d,e). However, increasing C at the ex-
pense of reduced psuccess is not evidently beneficial for
QIP. For the many tasks calling for maximally-entangled
qubit pairs (ebits), one may use an optimized distilla-
tion protocol23 to prepare one ebit from N = 1/EN (ρ)
pairs in a partially-entangled state ρ, where EN is the
logarithmic negativity23. The net rate Re of ebit genera-
tion would be Re = psuccessRexpEN (ρ), where Rexp is the
protocol repetition rate (10 kHz here). For postselection
on MP = −1, we calculate Re = 3.1 kebits/s using Vth
and Re = 2.0 kebits/s using Vth−. Evidently, increas-
ing entanglement at the expense of reducing psuccess is
counterproductive in this context.
Motivated by the above observation, we finally demon-
strate the use of digital feedback control24 to trans-
form entanglement by parity measurement from prob-
abilistic to deterministic, i.e., psuccess = 100%. Using
a FPGA controller, we apply a pi pulse on QA condi-
tional on measuring MP = +1 (using Vth, Fig. 4). In
addition to switching the two-qubit parity, this pulse lets
us choose which odd-parity Bell state to target by se-
lecting the azimuthal angle of the pulse rotation axis.
Clearly, we optimize deterministic entanglement by max-
imizing overlap to the same odd-parity Bell state for
MP = −1 as for MP = +1. The highest deterministic
C = 34% achieved is lower than for our best probabilis-
tic scheme, but the boost to psuccess = 100% achieves a
higher Re = 4.1 kebits/s.
Our experiment extends the fundamental study of con-
tinuous measurement16,17 in superconducting circuits to
the multi-qubit scenario, providing a testbed for the
investigation of wavefunction projection and induced
dephasing. Furthermore, the implemented parity me-
ter generates entanglement for any measurement re-
sult, making it suitable for deterministic QIP proto-
cols. Specifically, the combination of parity measure-
ment with digital feedback realizes the first multi-qubit
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FIG. 3. Probabilistic entanglement generation by postselected parity measurement. a, Histograms of Vint (τP =
300 ns) for the four computational states. The results are digitized into MP = 1(−1) for VP below (above) a chosen threshold.
b, Parity readout fidelity Fp as a function of τP. We define Fp = 1 − e − o, with e = p(MP = −1|even) the readout error
probability for a prepared even state, and similarly for o (see also Fig. S7). Data are corrected for residual qubit excitations
(see Methods Summary). Error bars are smaller than the dot size. Model curves, shown for comparison, are obtained from
5, 000 quantum trajectories for each initial state and τP, with quantum efficiencies η = 0.25, 0.5, and 1 for the readout
amplification chain (see Methods Summary). c, Concurrence C of the two-qubit entangled state obtained by postselection on
MP = −1 (orange) and on MP = +1 (green squares). Empty symbols correspond to the threshold Vth that maximizes Fp,
binning psuccess ∼ 50 % of the data into each case. Solid symbols correspond to a threshold Vth−(Vth+) for postselection on
MP = −1(+1), at which o(e) = 0.01. Concurrence is optimized at τP ∼ 300 ns, where psuccess ∼ 20% in each case. We employ
maximum-likelihood estimation22 (MLE) to ensure positive-semidefinite density matrices, but concurrence values obtained with
and without MLE differ by less than 3% over the full data set. d,e, State tomography conditioned on VP > Vth− (d) and
VP < Vth+ (e), with τP = 300 ns, corresponding to the dark symbols in (c).
measurement-based protocol in the solid state made
deterministic through feedback, as achieved with pho-
tonic25, ionic26,27, and atomic28,29 systems. Future ex-
periments will target the complementary use of analog
feedback control to cancel the back-action caused by im-
perfections in the parity meter9,30, making it robustly
quantum nondemolition. This achievement will refine the
mastery over quantum measurement and feedback15 re-
quired to extend quantum coherence by active control
methods.
METHODS SUMMARY
Device parameters
Lorentzian best fits to cavity transmission (Fig. 1b)
yield κ = κout + κin = 2pi × (1.56 ± 0.01 MHz) and
{χA, χB}/pi = {−4.03 ± 0.02,−4.21 ± 0.02} MHz. From
room-temperature characterization, we estimate asym-
metric output/input couplings κout/κin = 8. The qubits
have transition frequencies {fA, fB} = {5.52, 7.80} GHz,
relaxation times {TA1 , TB1 } = {22, 7} µs, and pure de-
phasing times {Tϕ,A2 , Tϕ,B2 } = {11, 8} µs. Using the
method detailed in Ref. 24, we estimate a residual ex-
citation of 1%(2%) for QA(QB).
Readout signal processing
In Fig. 1b we probe the cavity with a pulse (n¯ss ∼ 1.4)
at variable frequency, after preparing the qubits in one
of the four computational states. The cavity transmis-
sion is acquired with homodyne detection at 10 MHz in-
termediate frequency. In Fig. 1c-d the cavity response
(n¯ss = 2.5), first amplified by the JPA, is demodulated
with 0 intermediate frequency (measurement, local oscil-
lator, and pump tones are provided by the same gen-
erator). For each shot, the average homodyne signal
over a 2.5 µs window preceding state preparation is sub-
tracted. This subtraction mitigates the infiltration of
low-frequency fluctuations in the JPA bias. In Figs. 2-4,
ti = 100 ns and tf = τP+150 ns, experimentally found to
maximize Fp. Similarly, an offset integrated over 2.5 µs
is subtracted from each Vint (Fig. S9).
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FIG. 4. Deterministic entanglement generation using feedback. a, We close a digital feedback loop by triggering
(via the FPGA) a pi pulse on QA conditional on parity measurement result MP = +1. This pi pulse switches the two-qubit
parity from even to odd, and allows the deterministic targeting of
∣∣Φ+〉 = (|01〉 + |10〉)/√2. b,c, Parity measurement results
MP = −1 and MP = +1 each occur with ∼ 50% probability. Virtual z-gates compiled into the tomography pulses correct for
the deterministic AC Stark phase acquired between |01〉 and |10〉 during parity measurement (due to residual mismatch between
χA and χB). A different AC Stark phase is acquired between |00〉 and |11〉, resulting in the state shown in (c), with the maximal
overlap with even Bell state [|00〉+ exp(−iϕe) |11〉]/
√
2 at ϕe = 0.73pi. d, Generation rate of entanglement using feedback, as a
function of the azimuthal angle ϕ of the pi pulse rotation axis. The deterministic entanglement generation rate outperforms the
rates obtained with postselection (Fig. 3). Error bars are the standard deviation of 7 repetitions of the experiment at each ϕ.
e, Full state tomography for deterministic entanglement [ϕ = (pi−ϕe)/2], achieving fidelity
〈
Φ+
∣∣ ρ ∣∣Φ+〉 = 66% to the targeted∣∣Φ+〉, and concurrence C = 34%. Colored bars highlight the contribution from cases MP = −1 (orange) and MP = +1 (green).
Model
The system is described by the dispersive Hamilto-
nian10
H/~ =
ωr − ∑
q=A,B
χqσ
q
z
 a†a− ∑
q=A,B
1
2
ωqσ
q
z
+p
[
a†e−iωpt + ae+iωpt
]
.
The cavity-mediated qubit-qubit interaction J(σB+σ
A
− +
σB−σ
A
+) is disregarded, as J vanishes for χA = χB. We
model the evolution of ρ following the method of quan-
tum trajectories in Refs. 8, 9, 21, 32. The stochastic
master equation, valid for t TA1 , TB1 , is
dρ =
1
i~
[H, ρ] dt
+
∑
q=A,B
(
1
T q1
D [σq−] ρ+ 12Tϕ,q2 D [σqz ] ρ
)
dt
−
∑
ijkl
χij,kl
(
Im
[
α∗ijαkl
]
+ iRe
[
α∗ijαkl
])
ΠijρΠkldt
+
√
κηM [Παe−iφ] ρdW (t), (1)
with operators Πij = |ij〉 〈ij| and Πα =
∑
ij
αijΠij , super-
operators D [Θ] ρ = ΘρΘ† − 12{Θ†Θ, ρ} and M [Θ] ρ =
Θρ+ρΘ†−〈Θ+Θ†〉ρ. Here, φ is the homodyne-detection
phase set by the JPA pump, and χij,kl = χij−χkl, where
χij = 〈ij|
∑
q=A,B
χqσ
q
z |ij〉. The dynamics of αij in the
6frame rotating at ωp is given by
α˙ij = −ip(t)− i (ωr − ωp + χij)αij − κ
2
αij .
dW is the noise in the homodyne record:
VP(t)dt ∝ √κη〈Παe−iφ + Π†αeiφ〉dt+ dW.
Quantum trajectories are unraveled by numerically solv-
ing Eq. (1) with dt = 1 ns and a Wiener white-noise
process dW (zero mean, variance dt) generated pseudo-
randomly. For each trajectory, Vint is obtained using the
same integration and offset-subtraction parameters as in
the experiment. The unconditioned ρ is obtained by solv-
ing Eq. (1) without the last term.
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FIG. S1. Spectroscopy of the two-qubit and cavity system. The transition frequency of QB is tuned by applying
magnetic flux through its SQUID loop with an external coil. QA (fA = 5.52 GHz) is a single-junction transmon and thus
not tunable. QB was designed tunable to allow trimming of the dispersive-shift matching condition. However, the maximal
frequency of QB (fB = 7.80 GHz) is still approximately 20 MHz lower than needed for a perfect match of dispersive shifts.
Thus, we flux bias QB at this maximal frequency, which is also optimal for coherence. Inset: Higher resolution spectroscopy of
the avoided crossing of QB with the cavity fundamental mode (fr = 6.55 GHz), revealing a minimum splitting of 167 MHz.
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FIG. S2. Detailed schematic of the experimental setup. Complete wiring of electronic components outside and inside the
3He/4He dilution refrigerator (Leiden Cryogenics CF-650). Readout and qubit-drive pulses, shaped by a Tektronix AWG5014
and two AWG520, enter the cavity via a single transmission line. The cavity output is reflected by the JPA, which is biased
by a superconducting coil and a strong pump tone, bending its resonance down to fp and providing parametric amplification
1.
The signal is further amplified at the 3 K stage (Caltech Cryo1-12, 0.06 dB noise figure) and at room temperature (two Miteq
AFS3-04000800-10-ULN amplifiers, 0.8 dB noise figure). Demodulation to baseband is provided by a generator at fp, also used
for readout and pump. Two phase shifters allow adjusting the relative phase between the 3 tones at fp. The demodulated
signal is split into three separate arms after amplification by a Stanford Research Systems SR445A. One arm stabilizes the JPA
flux bias via an ADwin-GOLD processor programmed as a PID controller2. In the second arm, the signal is filtered by a bias
tee, amplified with a home-built amplifier, and integrated and thresholded by the FPGA. The FPGA conditionally triggers
a QA pi pulse from an AWG520 (Fig. 4). The third arm connects to an AlazarTech ATS9870 digitizer for data storage and
processing after a second SR445A amplification stage.
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FIG. S3. Readout configuration for parity measurement and state tomography. a, Histograms for the computational
basis for the parity measurement MP (τP = 300 ns, n¯ss = 2.5), as in Fig. 3a. At this measurement power, states within each
parity subspace are largely indistinguishable (see also Fig. 1b and Fig. S7). For an ideal parity measurement, βA = βB = 0.
We extract βA = 0.0146 mV, βB = −0.123 mV, βBA = −6.25 mV, and β0 = 7.46 mV. b, Histograms for the tomography
measurement (integration time 850 ns, n¯ss ∼ 60). At this power, the cavity response is nonlinear (critical photon number3
ncrit ∼ 60), causing the resonance for |10〉 to bend towards lower frequency. As the resonance for |01〉 is instead power-
independent, this effect discriminates |01〉 from the other states. This gives the joint readout the sensitivity to single and two-
qubit terms required to perform state tomography4. Averaging of raw tomography measurements yields βA = −8.10 mV, βB =
9.10 mV, βBA = −12.8 mV, and β0 = 17.1 mV. Digitizing the single shots with threshold VD = 32 mV gives βA = 0.424,
βB = −0.360, βBA = 0.379, and β0 = 0.540.
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FIG. S4. Temporal evolution of two-qubit superposition state with and without continuous parity measurement.
Comparison of the unconditioned two-qubit evolution during parity measurement (solid symbols, same data as in Fig. 2b) and
during a delay of the same duration τP (empty symbols). In the latter case, the decay of |ρij,kl| is solely due to intrinsic qubit
decoherence.
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FIG. S5. Two-qubit evolution under continuous parity measurement. Unconditioned and conditioned state tomog-
raphy of the final two-qubit state similar to Figs. 2 and 3, but at more values of τP and using the threshold Vth optimizing
parity readout fidelity (n¯ss = 2.5). Middle row: unconditioned evolution. For τP = 0, there is only a 10 ns buffer between state
preparation and tomography, instead of the 350 ns used in Figs. 2-4 and all other τP values here. The uniformity of |ρij,kl|
for τP = 0 (< 4% relative difference) attests to the preparation fidelity of the initial maximal superposition state. Top row:
evolution conditioned on Vint > Vth (MP = −1), bottom row: evolution conditioned on Vint < Vth (MP = +1).
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FIG. S6. Two-qubit unconditioned evolution and conditioned concurrence for different measurement strengths.
a,b,c, Experiment as in Figs. 2-3 with measurement strength corresponding to n¯ss = 0.6±0.1 (a,d), 1.4±0.1 (b,e), and 3.9±0.1
(c,f). The best-fit frequency mismatch (χA−χB)/pi (see also Fig. S3) is 182±32 kHz (a,d), 220±18 kHz (b,e), and 275±7 kHz
(c,f). Concurrence is calculated after postselection on Vint < Vth (MP = +1) or Vint > Vth (MP = −1).
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FIG. S7. Cumulative histograms of parity measurements. The four computational states are subjected to a parity
measurement with τP = 300 ns, n¯ss = 2.5, as in Fig. 3a. At the optimal threshold Vth (dashed line), the average errors in
determining the parity are e = 0.13, o = 0.11, yielding a parity measurement fidelity of Fp = 1 − e − o = 0.76 (corrected
for residual qubit excitations, see Methods Summary). In a similar manner, we define the distinguishability within each parity
subspace as the fidelity of the measurement discriminating between those states, yielding 0.03 for the even subspace and 0.02
for the odd.
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FIG. S8. Frequency-dependent coherence times of QB. Energy relaxation times T
B
1 (filled circles) and T
A
1 (square) below
the fundamental cavity resonance are consistent with the single-mode Purcell effect5 and a coupling strength g/pi = 167 MHz
at the QB-cavity avoided crossing, as extracted from spectroscopy (Fig. S1). We attribute the lower T
B
1 above the fundamental
resonance to the effect of higher cavity modes. Pure dephasing times Tϕ,B2 (open circles) are in excellent agreement with the
first-order approximation for flux noise6 with spectral density Sf (ω) = A
2/|f | and best-fit A = 1.9±0.1 ·10−5Φ0 (dashed line),
with Φ0 the flux quantum.
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FIG. S9. Pulse timing and measurement integration windows. Extended view (not to scale) of the pulse sequence
used in Figs. 2-4, showing also the integration windows used for parity measurement (τint for signal and τoff for offset) and
tomographic joint readout. All specified time intervals are expressed in ns. Qubit control is performed with DRAG pulses7 with
Gaussian envelopes on the main quadrature (σ = 6 ns, 4σ total duration) and derivative-of-Gaussian envelopes of optimized
amplitude on the other. Single-qubit pulses are applied sequentially (QB first), with 10 ns buffer between them. The tomography
measurement pulse is 1 µs long, and the homodyne response integrated for 850 ns starting after the first 100 ns.
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